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2Outline
• Why	carbon	in	catalysis?
• Why	tuning	carbon	catalyst	properties?
• Possibilities	for	precise	control	of	carbon	catalyst	properties
• Exemplary	study:	 Dehydrogenation	of	ethylbenzene
catalyzed by	well	defined	carbons
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4Carbon in electrocatalysis
http://heraeus-katalysatoren.de
5Carbon in thermal catalysis
6Carbon in thermal catalysis
7Carbon can even act as catalyst
J.L.	Figueiredo,	M.F.R.	Pereira, Catalysis	Today	150 (2010)	2
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G.	Emig,	H.	Hofmann,	J.	Catal.	84,	15	(1983)
9Why tuning carbon catalysts 
properties?
Let’s see results from 
two instructive examples
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Influence of carbon support: 
Menthol synthesis
Carbon supported catalysts are used for the 
hydrogenation of thymol for menthol production.
fragrance	/	flavor
cooling	effect
anesthetic
50	bar	H2,	150	°C
Etzold et. al. Catalysis today 140, 30-36 (2009) 
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Influence of carbon support: 
Menthol synthesis
• Molecular sieve
character induces shape
selectivity
Glenk et	al.	Chem.	Eng.	Technol. 33,	698	(2010);	Silvestre-Albero et	al.	Carbon 59,	221	(2013)	
1.12 nm + H2SO4
0.81 nm + H2SO4
0.69 nm + H2SO4
5	mg	thymol,	150	ml	cyclohexan,	2.5	
wt.-%	Pt,	150	°C,	5	MPa	H2,	600	min-1
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Influence of carbon support: 
Menthol synthesis
Glenk et	al.	Chem.	Eng.	Technol. 33,	698	(2010);	Silvestre-Albero et	al.	Carbon 59,	221	(2013)	
1.12 nm + HNO3
0.81 nm + HNO3
0.69 nm + HNO3
• Molecular sieve
character induces shape
selectivity
• HNO3 oxidation
influences molecular
sieve character
5	mg	thymol,	150	ml	cyclohexan,	2.5	
wt.-%	Pt,	150	°C,	5	MPa	H2,	600	min-1
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Carbon
Influence of carbon support: 
Aqueous Phase Reforming (APR)
alcohols,	polyols
Hydrocarbons
H2
CO														CO2 +	H2
H2O
210-250°C
20-50	bar
Liquid	water
Huber et al. Science 300 2075 (2003); Ravenelle et. al. ACS Catal. 1 552 (2011) 
Hydrothermal	
stable	supports	
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Influence of carbon support: 
Aqueous Phase Reforming (APR)
Acidity allows to
tune	H2 selectivity
Kirilin et.	al.	Catal.	Sci.	Technol 3,	387	(2014) xylitol,	498	K,	29.3	bar,	N2 flow	30	ml	min−	1,	WHSV	=	3.0	h−	1.
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Drawbacks of activated carbon
from natual feedstock
• Broad	fluctuation	in	material	properties
• Uncontrolled	pore	size	distributions
• High	amount	of	impurities (ash	content)
• Varying	surface	functionalization
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Drawbacks of activated carbon
from natual feedstock
• Using	more	reliable	feedstock	mitigates	this	problems.	
Alternatives	are:	Polymers	and	Carbides
Stabilisation Pyrolysis Activation
Reactive	extraction
TiC(s)	+	2	Cl2(g)	à
TiCl4(g)	+	C(s)
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Carbide-derived carbon
porous carbon (CDC)carbide
Cl2, short Cl2, long
Review: V.	Presser,	M.	Heon,	Y.	Gogotsi,	Adv.	Funct.	Mater. 21,	p.	810	(2011).
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mesoporous, grapitic ACs
based on carbide-derived carbons
• Slight increase in	pore size and cristallinity with increasing
extraction temperature
1300	°C
800	°C
Reactive
extraction
of TiC
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mesoporous, grapitic ACs
based on carbide-derived carbons
• mesoporous and graphitic carbons above 1300	°C
• Handling	like	activated carbon powder
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
Reactive
extraction
of TiC
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CDC: microstructure
TiC-CDC-1300
5 nm
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From nano to macro to structured ....
40 nm
22
and hierarchically structured
Fey	et	al.	Carbon 70,	30 (2014)
25 nm
1 cm
200 µm
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The polymer route:
courtesy of Blücher
Klefer et	al.	Chem.	Eng.	Tech. 39,	276 (2015)
PBSACPrecursor
PBSAC activated carbon
vs.
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Exemplary	study:	
Dehydrogenation	of	
ethylbenzene	via	well	defined	
carbons
27.09.16 |  07 Chemie  |  Ernst-Berl-Institut für Technische und Makromolekulare Chemie |  Prof. BJM Etzold |  25
25
Example dehydrogenation of 
Ethylbenzene
current	technology
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Carbon as Dehydrogenation catalysts
60s:	
• Carbons	as	ODH	catalysts
• Usage	of	activated	carbon
• To	strong	tendency	towards	coke	formation
• Low	oxidation	stability
90s:
• Carbon	nanomaterial	as	new	research	area
20xx:
• CNTs,	CNFs,	OLC,	graphene	&	nanodiamond allow	for	long	term	
stability	of	carbons	in	ODH	catalysis
27.09.16 |  07 Chemie  |  Ernst-Berl-Institut für Technische und Makromolekulare Chemie |  Prof. BJM Etzold |  27
27
Example dehydrogenation of 
Ethylbenzene
current	technology
 
 
  
 
 
H2O	due	to
coking
+ H2
FeO
alternatives
 
 
  
 
 
no	H2O
+ H2
carbon
 
 
  
 
 
+ H2O
carbon
0,5 O2 +
27.09.16 |  07 Chemie  |  Ernst-Berl-Institut für Technische und Makromolekulare Chemie |  Prof. BJM Etzold |  28
28
Dehydrogenation of Ethylbenzene
without steam
J.	Zhang	et	al.,	Angew.	Chem.	Int.	Ed.	(2010),	8640
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Problems when using carbon 
nanomaterials
• Availability	not	secured
• High	pressure	drop	for	fixed	beds
• Unclear	health	risks
à alternatives	are	needed
Important	properties	of	C-nanomaterial	for	catalysis:
• Crystalline	carbon	(favours	active	site	and	increases	oxidation	
stability)
• External	surface	(allows	for	good	masstransfer and	avoids	side	
reactions)
Requirements	for	alternative	materials:
• graphitic
• mesoporous
• „normal“	powder
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mesoporous, grapitic ACs
based on carbide-derived carbons
• mesoporous and graphitic carbons above 1300	°C
• Handling	like	activated carbon powder
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
Reactive extraction
of TiC
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Graphitic, mesoporous carbon:
N2-sorption
§ Micropore volume decreases with increasing synthesis temperature
§ PSD shifts to larger diameters and broadens
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mesoporous, grapitic ACs
based on carbide-derived carbons
• mesoporous and graphitic carbons above 1300	°C
• Handling	like	activated carbon powder
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
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Oxidation stability
• Higher	crystallinity	leads	to	increase	in	oxidation	resistance
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
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catalytic performance
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
27.09.16 |  07 Chemie  |  Ernst-Berl-Institut für Technische und Makromolekulare Chemie |  Prof. BJM Etzold |  35
35
catalytic performance
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
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Dehydrogenation of Ethylbenzene
without steam
5%	O2,	400	°C,	2h
Etzold	et	al.	Chemistry	of	Materials 27 (2015)	5719
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Conclusion
CA
TA
LY
SIS
CARBON
• Carbon	can	open	interesting	alternatives	
in	catalysis.
• Very	defined	carbon	materials	are	needed	
for	key	materials	like	catalysts.
• Different	methods	from	scientific	to	
commercially	aviable exist	for	synthesis	of	
defined	carbons.
• The	interesting	properties	of	carbon	
nanometerials can	be	transferred	to	
“normal”	carbons.
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